ABSTRACT
INTRODUCTION
Monodora myristica, otherwise known as the African nutmeg, is a climber tree of the Anannacea family which grows well in many tropical forest regions of Africa. Monodora myristica seeds, embedded in a white sweet-smelling pulp of the sub-spherical fruit, are economically and medically important as their kernels are a popular condiment, used as a spicing agent in both African and continental cuisines, and an important source of active natural antioxidants (Okwu, 2004; Burubai et al., 2007) In many African countries, the bark of the African nutmeg is used for treating a number of ailments such as stomach aches, headaches, hypertension, eye diseases and haemorrhoids (Koudou et al., 2007) . In addition, Monodora myristica kernel flour is used to prepare pepper soups for constipation relief and uterine haemorrhage control in women immediately after childbirth.
Roasting is an important treatment occurring prior to dehulling Monodora myristica seeds. The major challenge in the African nutmeg seed processing is cracking the seed coat to extract the kernel, which is still manually extracted using stones. This energy-demanding and time-consuming operation is often accompanied by a thermal treatment to aid the mechanical cracking of the seed (Burubai et al., 2007) . The effects of roasting on the properties of seeds depend on the balance between the thermal degradation of the properties naturally occurring and the formation of new products (Açar et al., 2009) . Consequently, the need for a scientific understanding of the influence of thermal processes on the properties of the African nutmeg seeds has received a stronger emphasis. Kwino et al. (2017) investigated the effects of the roasting temperature and duration on the physical properties of Monodora myristica seeds. The roasting parameters were reported to significantly influence some of the physical properties of the seed. The effects of temperature and moisture content on the strength properties of the African nutmeg (Monodora myristica) were reported by Burubai et al. (2007) . The effect of roasting conditions on the properties of different seeds have also been argued in the literature (Sandhu et al., 2015; Zhou et al., 2017; Rocha et al., 2017; Tušek et al., 2015; Oracz and Nebesny, 2016) . Although a number of papers have been published on the effects of roasting conditions on the seed properties, there are practically no studies on the effects of roasting parameters on the mechanical properties of Monodora myristica seeds and on the chemical properties of kernels obtained by dehulling the roasted seeds.
The purpose of this study is to determine the effects of roasting duration and temperature on the mechanical properties of Monodora myristica seeds and on the chemical properties of kernels recovered after cracking the roasted seeds. The mechanical properties investigated include the bioyield point, rupture force, deformation at rupture, and rupture energy, whereas the chemical properties include fat, protein, ash, crude fibre and carbohydrate contents. This study is particularly important regarding the mechanization of seed processing and exploiting the full economic potential of the end-products obtained.
MATERIALS AND METHODS

Material Preparation
About 24 kg of Monodora myristica seeds were purchased at a local market in Nsukka, the Enugu state, Southeast Nigeria and manually cleaned of foreign matters, immature and broken seeds. The initial moisture content, i.e. the wet basis (% w.b.) of seeds was determined using the oven dry method at an air temperature of 103±2 °C until a constant weight was reached (Kashaninejad et al., 2005) .
Experimental Design A 3x4 factorial experimental design was employed resulting in 12 experimental samples with four replicates. The experiment included three different roasting temperatures (namely 140 o C, 170 o C and 200 o C) and four different roasting durations (namely 2, 7, 12 and 17 minutes). The 24 kg seed bulk was divided into thirteen parts of 1.5 kg each. The first part was set aside as the control parameter, whereas the other twelve parts were roasted at different combinations of roasting temperatures and durations. The selection of the roasting temperature and duration was based on the conditions found in the literature, which ranged from 100 to 240 o C. The seeds were roasted in an electric oven (ELE Limited -Serial no: S80F185-Hemel Hempstead Hertfordshire, England). After roasting, the Monodora myristica seeds were allowed to cool down to ambient temperature and each part was further divided into four portions for replications. Sufficient seed quantities were randomly selected from the portions to determine the mechanical properties of the roasted seeds, and cracked manually using a mallet to recover kernels for further chemical property analysis.
Mechanical Properties of the Seed
The effects of the roasting temperature and duration on Monodora myristica seed coats were investigated as they affect the seed bioyield point, rupture force, deformation at rupture and energy for rupture. The seeds were roasted in an electric oven, subsequently cooled down to room temperature, and compressed axially and laterally with an electronic tensometer (Hounsfield). The aforementioned mechanical seed properties were recorded by the integrator or recorder chart of the machine. Prior to testing, the seeds were checked for possible cracks, and those with cracks were discarded.
Chemical properties of the kernel The paper investigates the effects of roasting conditions on the chemical properties of Monodora myristica kernels. The following chemical properties of kernels were determined at different combinations of roasting temperatures and durations: moisture content, crude protein, crude fat, crude fibre, ash content, and carbohydrate content. The moisture content was determined as earlier expressed in Equation 1. The protein, fat, fibre and ash content of Monodora myristica kernels were determined following the standard methods of analysis (AOAC, 2005) . The carbohydrate content was calculated by the difference as described in Ogungbenle (2014) .
Statistical analysis
The experiment was replicated four times at each combination of roasting temperature and duration, and the mean values of the properties investigated were reported. The effects of roasting conditions on the properties of the Monodora myristica seeds and kernels were determined by statistically analyzing the data obtained at a 5 % probability level (p<0.05). The analysis of variance (ANOVA) and separation of means by the Duncan multiple range test (DMRT) were carried out using the GenStat analytical software.
RESULTS AND DISCUSSIONS
The roasting air temperature and duration ranged from 140 o C to 200 o C, and 2 to 17 min., respectively. Raw Monodora myristica seeds and kernels were used as the control parameter in the experiments. Figure 1 shows roasted Monodora myristica seeds, and the kernels obtained from roasted seeds.
Effect of roasting conditions on the mechanical properties
Mechanical properties of roasted Monodora Myristica seeds were investigated in two orientations: vertical (along the length of the seed) and horizontal (along the width of the seed). This is because preliminary investigation carried out revealed that the seed coat was only able to crack without crushing the kernels when compressed in the vertical and horizontal orientation. When the seed is compressed along its width, the seed coat hardly cracked, but when it did, the kernels were crushed inside. Table 1 displays the mechanical properties of roasted Monodora Myristica seeds including the bioyield point, rupture point, deformation at rupture and energy required for rupture determined in the vertical and horizontal orientations. The bioyield point, recorded in the vertical and horizontal orientations of seeds roasted at 140 o C, 170 o C and 200 o C, generally increased as the roasting duration increased from 2 to 17 min. In the vertical orientation, the bioyield point increased from 250.1 to 317.7 N, 250.8 to 320.8 N and 275.6 to 453.8 N at the 140, 170 and 200 o C respectively, as the roasting duration increased from 2 to 17 min. The corresponding bioyield point recorded in the horizontal orientation increased from 300.3 to 361.4 N, 275.2 to 370.0 N and 325.9 to 377.2 N. This suggests that the initial cell rupture in the seed which is usually used as a criterion for maximum allowable load that a seed can sustain (Mohsenin et al., 1965) increased with increasing roasting conditions. For the rupture point, which indicates failure over a significant volume of a seed causing fracture planes or cracks in the macrostructure of the seed (Asoegwu et al., 1995) , no clear trend was observed as the roasting air temperature and duration increased.
The deformation of the seed at rupture was observed to increase as the roasting duration increased at each roasting temperature. This is similar to the result reported by Burubai et al. (2007) on the deformation of Monodora myristica seeds as a function of the temperature and moisture content. At each roasting condition, the mean deformation recorded in the vertical orientation appeared lower to the corresponding deformation value recorded in the horizontal orientation.
The highest mean value of 13.61 mm was recorded in the horizontal orientation of the seed at a temperature 140 o C and a duration of 17 min., whereas the lowest mean value of 6.0 mm (observed in the vertical orientation of the seed) was recorded at the combined roasting air temperature of 200 o C and roasting duration of 2 min. The energy or work required to rupture the seed coat appeared to generally increase at each roasting air temperature and duration. However, the increase appeared unsteady in some cases such as in the horizontal orientation of the seed at a temperature of 170 o C. The observed increase in the energy to rupture the seed coat could be attributed to the general increase in the mean rupture force and the deformation at rupture recorded for the roasted seeds. The mechanical properties determined in this study could be used for different food processing applications including the design of Monodora Myristica seed processing machines, quality evaluation and control. The data obtained for the mechanical properties of roasted Monodora myristica seeds were subjected to ANOVA and the results revealed significant effects (p<0.05) of both roasting air temperature and duration on the mechanical properties of the seed in the vertical and horizontal orientations. The means were compared using DMRT, and the results are presented in Table 2 . The means recorded for the mechanical properties of the roasted seeds as influenced by the roasting duration were all significantly different (p<0.05), with the exception of the rupture force under the vertical loading orientation where the mean value recorded at roasting durations of 7 and 12 min. were not significantly different (p>0.05), as well as the means recorded at durations of 7 and 17 min.
Effect of roasting on the chemical properties of Monodora myristica kernels
Monodora Myristica kernels were manually obtained from seeds after roasting at different combinations of the roasting air temperature and duration ranging from 140 to 200 o C and 2 to 17 min., respectively. Table 3 shows the chemical properties of kernels obtained from the roasted seeds. The chemical properties investigated include the moisture, protein, ash, crude fibre, fats and carbohydrate content. At a roasting temperature of 140 o C, the moisture content of kernels ranged from 10.05 to 10.08 % (w.b), whereas, at temperatures of 170 o C and 200 o C, it ranged from 8.01 to 8.11 % (w.b) and 7.92 to 8.09 % (w.b) respectively as the roasting duration increased. This suggests that upon placing the seeds in the oven at a preset roasting air temperature, the increase in roasting duration from 2 to 17 min. does not appear to produce significant moisture loss in kernels (Table 4) .
Extended seed roasting for longer periods of time could result in a significant decrease in the kernel moisture content.
The protein content of kernels obtained from the roasted seeds increased steadily as the roasting air temperature and duration increased. The protein content ranged from 12.86 to 16.15 %, 7.03 to 15.13 %, and 11.55 to 16.93 % at the140, 170 and 200oC roasting air temperature level, respectively as the roasting duration increased from 2 to 17 min. Takeda et al. (2000) reported that the protein content of sesame seeds decreased with an increase in the roasting air temperature. No clear trend was observed in the ash content of the kernels however, the crude fibre content increased in a similar manner as the protein content. The crude fibre content ranged from 38.76 to 48.20 %, 39.60 to 45.31 % and 39.03 to 49.44 % at the 140, 170 and 200 o C roasting air temperatures, respectively. An increase in the crude fibre content could possibly be due to the formation of insoluble aggregates with the loss of water due to the roasting process (Duodu et al., 2003) . The fat and carbohydrate contents were observed to decrease steadily with an increase in the roasting air temperature and duration. At a temperature of 170 o C, the fat content decreased from 28.02 to 20.24 % while the carbohydrate decreased from 15.38 to 9.03 % as the roasting duration increased. A decrease in the fats and carbohydrates of the seeds could be due to their volatilization under high temperature, which could be responsible for the aroma the kernel produces during roasting. Sato et al. (2007) reported that oil oozed out of Muki white sesame seeds as roasting air temperature increased forming lumps on the seed surface and deepening the colour of the seed. Furthermore, a decrease in the carbohydrate content could be due to caramelization of sugar polysacharides and Maillard reactions accompanying roasting of seeds which reduces the carbohydrates and protein contents of food materials (Olapade et al., 2012) .
The ANOVA carried out showed that the chemical properties of Monodora Myristica kernels were significantly affected (p<0.05) by the roasting conditions. The means of the chemical properties were compared using DMRT and the results obtained are shown in Table 4 . Table 4 shows that although roasting air temperature significantly affected the kernel moisture content (p<0.05), roasting duration had no significant effect (p>0.05) on the moisture content of the kernel. The means recorded for the crude fibre, fats and carbohydrates were all significantly different from one another (p<0.05) as was influenced by the roasting air temperature and duration. Similar observations were made for the means of the protein content of the kernels. The ash content of the kernels was not significantly affected (p>0.05) by the roasting air temperature as it increased from 140 to 200 o C, but they were all significantly lower (p<0.05) than the ash content of raw Monodora myristica kernels.
CONCLUSIONS
The paper examined the effects of roasting conditions (temperature and duration) on the mechanical properties of Monodora myristica seeds and on the chemical properties of the kernels recovered after dehulling the roasted seeds. The results obtained revealed that the thermal process of roasting significantly affected the mechanical and chemical properties of the seed and its kernel, respectively. The mechanical properties (bioyield point, rupture point, deformation at rupture, and rupture energy) investigated generally increased as the roasting parameters increased. The following chemical properties, protein, ash and crude fibre content generally increased as the roasting air temperature and duration increased. However, the fat and carbohydrate contents generally decreased with increasing roasting temperatures and durations. The understanding of the influence of roasting air temperature and duration on the mechanical properties of Monodora myristica seeds and on the chemical properties of the recovered kernels is useful in designing processing and storing equipment in the quest to mechanize the handling of Monodora myristica.
